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a better method of feeding water to the table was devised. From a 
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low, the boundary layer should no.t have an. overly great effect on the 
flow. The .. flow on the water· table should exhibit good adherence to . 
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the assumptions of the hydraulic analogue for depths approximately 
' : .· · equal to one-quarter of an inch. (4). 
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It is -also desired that the -rotor speed and- flow rate be det- • 
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exist~ The_RPM·of the rotor is measur~d by the timing circuit and_ . _ 
clock which ti~es the ~econds elapsed for·one-half of a revolution. 
This time can easily be translated into revolutions per-·n1in'i1te. · -The -
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'. Here, d is measured just upstream of the sluice gate; dis measured 0 
at the end of the nozzle passage. Vis the fluid velQci!Y leaving the 
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nozzle. 
The flow rate is simply the cross sectional area of flow 
through all of the nozzles multiplied by the above velocity. 
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The analogous qua nt i-t ies for gas flow can be determi ·ned from 
the relationships i-n Appendix A. 
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outside of the table. The header (fig. 4, fig.I) was made in four, _ 
i •• 
. .. ' ~ 
_-.. : separate sections to accommodate the existing overhead frame ·('fig~. 9 >"\\ · 
\\- .. --_ --~ .. --- -. •, .... ...:. .. -- . -J 
table (fig. 6) at ·the outer limit of \\ · - · .. ihicb:wat ~ttached to the support 
- .... , .. ~ ... ---·--·---..-.· .. ·- : . - - -
\ \, . '._ 
the existing plastic table. ·Each section of the header is supplied \ . . 
- ., 
... ' 
with water by two of the plastic hoses. The header was placed around 
; 
' I 
- .I 
' . ·--· . .., ·-··· - .. ,,.; -,~ -· - . --· - . 
-- .. i 
'. 
------ ----
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point of discharge onto the table to the ~luice gate fi. approximately 
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This greatly re-entire circumference, just behind the sluice gate. 
duces the surface disturbances propagati~g into the t~st area without 
adding much resistance to flow. 
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The circular sluice gate is suspended· from· the overhead frame----~----~----,~----~-- --
·". _..~ .... and lts height is adjusted by the threaded rods which fasten it to 
the frame ~n four sides. The rods go through holes in the supports 
on the sluice gate and the nuts which hold the g~te steady on ~he 
rQds are turned to alter the height of the gate. 
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In constructing the header, a peculiar problem was encounteral 
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spots join and the solvent evaporates, lea~ gaps, resu~ting_j.n an 
imperfect seal .. To combat this problem, several thick glues including 
epoxy were tried without success. Finally it was found that. by mix-
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1 8. '. WATER CIRCULATION SYSTE·M (FIG.4) 
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The circula.tion system ·consists. of the following components: 
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' . flow from the pump; the supply tank to provide a constant he-ad, hence 
.a constant flow feeding the table; ·and the eight l 1/4 inch plastic 
.tubes leading to the header around the table. 
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' . ·, Let us consider the components of the circulation syst~m - _____ _j_.__ --------- -
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to accommodate most of the water in the system at any given time, 
• • 
• I 
. 
. ' 
. . . 
' ... 
' ' . 
• 
.. t ' 
.. 
\ -, .. '.····--
- ; r.:.: ::, , -
• 
'·'. . . 
,,, 
• ' . 
· .12 · 
. , .. 
, ... 
,. ~' .,, ... \ 
• 
.. 
. ; 
.. 
. ' 
·, 
. · ... 
·• 
,. .. 
. ' ·; -· 
C(, • U,'I 
:;r,1 
' .. 
t 
.. :::: 
be(?ause if the supply of water is .$hut ... off, · the contents of ;the wat'er " 
t-'able ?(fig. l), header,·· and -supply tank. (fig. 3)-wou.ld fi°-w · into the 
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The other important factor in·sizing·a pump is the total head. 
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to-be much too expensive. The pump selected has a bronze impeller 
and a cast iron casing. The Lnterior of the casing was p~inted after 
purchase with corrosion-protective paint to prevent rust from the 
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. In order to ·throttle the -.flow into the supply iank and thus 
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insurethat there was -sufficient flow to fill the tank, but not too . 
much for the overflow to handle, a valve was installed in the dis-
charge pipe. ·The best type of valve for this purpose is a gate valve 
because it provides finer adjustment than any other type. With a 
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this level changed, so did the rate of flow onto the water·table, and 
consequently, the depth and velocity in the nozzle passages also 
.changed. The overflow boxes on the table did not hold the level be-
hind the sluice gate constant. It was felt that this component of the 
: · ~ apparatus could be greatly,· improved upon. . _ 
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A new·tank was designed which performs basically the same 
function and is called the supply tank because it accepts water at 
a rate other than the .desired rate and delivers it at an adjustable, 
constant rate. The water enters the supply tank at one end through a 
plastic tube and filter. The end of the tube discharges the water 
near the bottom of the tank behind a fixed, five inch high partitibn 
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·Eight of thes.e tubes carry the water from the supply tank to 
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the ·header on the water table. An important consideration in piping 
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The pipe_is one inch plastic wh~ch is corrosion-proof and 
easi·er to assemble than metal ·piping because the elbaw& and other 
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· connections ar~ cemented together • 
-soldered into place. 
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To support the water table itself, in lieu .of, the-existing 
. . ., . 
table which was not sturdy enough, a table was required which.would 
..... ---~-.---, be heavy and sturdy, isolated from vibrations from the floor, and 
-: .. : possessing a precise leveling adjustment to insure a uni.form depth of·-
water over the entire table. The top of this table is a hard maple 
workbench 1 1/4 inch thick, 44 inches by 44 inches. A nine inch dia-
meter was cut through its center to accomn1odate the exit nozzle of 
the water table. The table legs were each made from two two by four 
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For the purpose of vibration isolation, two rubber vibration 
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_·absorbirig pad-s·were placed between the bottom of each leg and the· floor •... 
· Two pads achieved isolation_ without interfering with the stability:.,ot .. 
the table, i. e., making it wobbly. 
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The table which supports ·the supply tank is· also used as a sur·face 
on which to place the controls of the apparatus. Among-these are the · 
,. 
switch which turns on th~ pump, the control box which regulates the_ .. 
speed of the turbine rotor, the clock for timing the rotor speed, and 
the timing circuit with its solenoid switches and battery. 
The table has a plywood top 23 inches by 44 inches by 3/4 
inch. This top is mounted on a thirty-six inch high frame constructed 
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bolted together With ready made braces. 
The supply tank table also mounts a·brace which 
ver~icaJ'· pipe from the pump to the supply tank. 
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-·1t was discovered that _unsteady activity· shows on the SUE.face 
i. ' 
· · of the flow most clearly when the depth is ·from • 25 inches to • 35 ";. 
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· inches. It is suspected that at depths of less than·.25 i~ches, the ·,. ---.-., • , ·-. = ~r 
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effects of th·e bo·undary layer· damp a~d distort the gravity waves . . At lt 
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. depths gr~ater __ .th(;)n ~ 50 ·inches, vertical acce·lerations. be.come sig.ni_fi- __ _ 
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cant and the analogy fails. 
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equipment was ·vibration isolation. The water table had to be iso-
lated from the floor,' the pump an~ ~he electric motor. The ·Slightest·_ 
vibration transini tted .to the table causes extraneous -s·urface..:.distur- __ .... _ .----·- _ .-
... bances on the water ... ___ .! ------.-.• --- _.,.__ ----.-
---- t -~--- - ~-·-- - - ·-- - - '1 
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. A drawback to applying the hydraul,c analogue to this design 
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-- --- - -- - ... -. -~- --· .. 
-~:---~---was .. found in the nozzle passages. The surface tensi·on c·aus·ing .. the 
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. water to adhere to the sides of the nozzles, forming a miniscus, · 
. 
causes a distortion of any wave phenomenon in the· vicinity of the 
nozzle sides. Also, particles of dirt stuck. to.the nozzle sides 
cause standing waves to form in the nQzzle passages. It was neces-
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sary to wet the side~ of the nozzles before observing the flow. A ·· 
detergent was added to the water to reduce the surface tension, but 
it was·only partially effective. Sudsing prevented more·than a small· 
amount of this agent from being added. 
It was also found that the disturbances generated by the·rotat-
. ing blades propagated bact through the nozzle passages, reflected 
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1rom the sluice gate and tra·veled back to the test area, . . causing 
.··undesirable extraneou$ dis_turbances. 
by pla·cing a screen between the sluice gate and the nozzles. . . . ,These 
disturbances were effectively damp~d out. . , . 
\ 
·waves generated .b·y the blades were s.een on the water ,surface 
. . . .. . . 
propagfating toward the nozzles, ·as· well as \rortices 
.. shedding from 
nozzles, and vortices caused.by separat~on of flow 
on the ~auction side 
·\ of the blades. 
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"MATHEllJJATICAL DEVELOP.MEN!' "\OF 'I'HE HYDRA~IC ANALOGUE · (3, 4) _ . 
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The hydraulic analogue relates- the' two-~-d-imensiona.l, irrot- , 
~ 
ational, - isentropic .f\ow, of. an ldea1· gas with the two-dimensional,· 
~ . '.· , 
. . . . 
irroiational flow of an incompressible, perfect fluid Ovf:lr a horizon .... ;;"" - ~ -
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. I Since it is often difficult and expens_ive to record data of. 
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· ~,gas flow through turbomachinery or around object.s in a free stream,· 
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· the analogue provides an excellent tool for· inexpensively obtaining - -
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. . -~: . 
.,.-.. , - , .. . quall tati ve, and in many cases, quanti tati·ve informa·tion ~oncerning - ·• . . .. - -__ .,._ 
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.. the behavior of gas flow. . ..: .. ·-;-..:.:. . . 
.. -----·-·-·------------...______ . 
. , ..... - ------ ·._• ---·· --·----·-·---~- - -- -:-.i --- In the case of the -flow of the· 1iquid·, data is· easy_ to. record • 
" · · In flows of one·-qua-r-te-r-·to· one~half of an i_nch deep, low water ·vel- · --~·-~---~,--:~-:----~-.-~-
. a···-""'::. .. ·-,-------·-·· 
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~------ociti.es---correspond-to velocities of gases in the soni_~_ range. For this ..) 
• 
. . 
,, ·; . . .. ~ 
r ·reason, many of the phenomena occurring in the flow may be observed 
·with the naked eye and recorded with less sophisticated devices than 
. . . . ' .. . 
.. 
would be necessary in the case of a high speed gas. 
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. ,. it)' waves can be observed visua~ly . 
.. I . • i: 
· The·basis 1of the:analogue is ~he· simil~rity in the form of 
------·-, . -~--------- ···-· 
the equations of motion of the gas and of the liquid.under consider-
"-../· 
.. In describing.the liquid flow, we refer to figure 12. The 
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flow origiirnates, at ·zero _velocity, from a -large reservior of c~nstant · 
] ·. , .. , ... 
11 · depth, d0 .. 'First we will consider an al'bitl'ary streamline beginning ·. 
ri · ._.. .. . . . . · . · . . . . ·· . . . ~ -L :·.···. ·•·····•·•··········.· ;·: -,-- .- :o -_ i1t·-xo :: o·;· yo •. ·. ~(); ·or. Tnt er·es ·t .. are the. pi O pernes at . X(), yo; z O a na=;---==~=-=-==~=-=-- ---.-
l · _ · at ·x, y, z. Through a steady.,_ ir~ot8tional, incompressible flow·. '. ••·• • ;•·•·:--· 
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· field 
- ··-·--·- ·~··.,.-- -·-·· y_2 + f + gz = constant 
~~ ~~: _- __ :_, __ - ----·- ... 2 .. , . t · . . . . .. • 
. . · . . or 
(Bernoulli's. equa~tlonl 
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• . ' . - 7. .· 1 . .. 2 . . ' -· ····--·----- -------:-
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\~\. -.. _. ~-· -' -- · _ - · V = 2g ( z0 _-z) + 2 (PO -P) . 
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• ·. (1) ... ·· . .. . :· . 
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Assumin·g. vertical. acceleration is negligible· compared to - --~---.. - _'.,.,..._. -~-~--·-------- -
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. . . . 
gravitational acceleration, and that·atmospheric pressure is chosen 
as the· reference point (gauge pressure), pressure .. ~n-~·the.~ liqu_id·.-is pro-· , 
.. 
4 t· ·•." ~ portibnal to. the.: distance! below the~·surface--.Cd. - z'l-•.. ·. T,herefore - - . . . 
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Substituting thes··e r·elationships into Cl) 
v2 = 2g(z0 -z) - 2t(J(d0 -Z0 -dtz_) 
t - -. 
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V = 2g~-Pdo-Yo-d+71 
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(3) 
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\ Since this relationship is independent of z0 and z, it is seen that 
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the velocity at a given x and y distance from the origin is the same 
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at ·any depth. .. •' ..... It is known that· for ~a gas · 
' "-·· 
·. :t . 
.... . 
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